Purpose: Brain metastasis (BM) from non-small cell lung cancer (NSCLC) is relatively common, but identifying which patients will develop brain metastasis has been problematic. We hypothesized that genotype variants in the TGF-b signaling pathway could be a predictive biomarker of brain metastasis.
Introduction
More 150,000 patients with cancer are diagnosed with brain metastasis each year [1] , with the lung being the most common primary site for secondary BM [2, 3] . Improved RT techniques and the increased use of combined-modality therapy have reduced distant metastases and significantly improved survival. However, it has shown to be associated with increased rates of overall brain failure [4] . The outcome of the diagnosis of brain metastases is dismal. Even for young patients with good performance status and controlled extra-cranial disease, the median survival time for patients after the development of BM is only about 7 months [5] . Means of preventing the development of BM are therefore urgently sought. For example, prophylactic cranial irradiation (PCI) has a clearly defined role in the treatment of high-risk patients with acute lymphocytic leukemia and patients with smallcell lung cancer (SCLC) [6] . These are radiosensitive tumors where moderate doses of radiation can be employed and result in significant improvements in intracranial control in addition to overall survival, and therefore PCI is considered standard of care. Perhaps patients with non-small cell lung cancer (NSCLC) as well. Prior randomized, controlled trials and several prospective studies without brain primary end points and retrospective studies evaluating PCI for NSCLC have consistently shown a decrease and/or delay in BM with PCI [4, 7, 8, 9] . But PCI has not become part of standard management for LA-NSCLC because of concern for long-term toxicity and lack of a proven survival benefit. It is unclear as to whether this is secondary to failure of identifying the cohort best suited for prevention. The authors of this paper hypothesized that among NSCLC patients of stage I-IV may exist a group of patients at high risk of presenting BM. This group should be identified in order to serve as target for future studies of PCI application in NSCLC and avoid side effects for those who at low risk of presenting BM.
Defining the cohort of high-risk patients is difficult, because it is dependent on reports that often have conflicting results. Pretreatment factors that predict for high rates of BM include histology, extent of disease, and young age. However, not all studies have shown a significant correlation [10, 11, 12] . The expression levels of three genes, CDH2 (N-cadherin), KIFC1, and FALZ, was found in one study to be highly predictive of BM in early and advanced lung cancer [13] . The expression levels of genes can be effect by other factors and not so precise which seriously limits this approach for risk prediction. Rarely study addressing the question about the association between polymorphisms and brain failure. Moreover, the heterogeneity and genetic complexity of NSCLC make it unlikely that any single SNP would be sufficient to confer the risk of BM. Rather, studying multiple SNPs in signaling pathways that regulate cell proliferation and migration may be a more powerful way of pinpointing the genes and polymorphisms involved in conferring risk of BM. One such pathway is that of transforming growth factor-b (TGF-b).
The TGF-b superfamily comprises TGF-bs, bone morphogenetic proteins, activins, and related proteins. TGF-b signaling pathways have diverse effects on cell proliferation, morphogenesis, migration, extracellular matrix production, and apoptosis. In particular, TGF-b suppresses early-stage tumor development by virtue of its potent growth inhibitory effect, but becomes a prooncogenic factor that stimulates tumor cell growth and invasiveness at later stages of tumorigenesis [14, 15] . Tumor cells can escape the antiproliferative effects of TGF-b by acquiring mutations in components of signaling pathways or by selectively disrupting TGF-b signaling. The epithelial-to-mesenchymal transition (EMT) is associated with cellular acquisition of motility and invasive properties that promote the formation of distant metastasis [16] . A variety of other mechanisms, including changes in expression of cell-cell adhesion molecules and secretion of metalloproteinases, also contribute to the metastatic process [17] .
Given the prominent role of the TGF-b pathway in maintaining cellular function and the effect of its disruption on distant metastasis, common genetic variations in this pathway may emerge as potential predictors of BM risk. In this study, we tested the hypothesis that common genetic variants in the TGF-b pathway are associated with BM risk, and we attempted to identify subgroups of patients with NSCLC who are at particularly high risk of developing BM.
Patients and Methods

Patient Population
Subjects in this study were selected from a total of 201 patients with lung cancer who had been treated at either the Tongji Hospital Cancer Center or the Hubei Provincial Tumor Hospital in 2008-2009 who also had blood samples available for analysis. All study participants provided written informed consent before blood samples were collected. The study was approved by the Ethics Committee of Tongji Medical College. Of these 201 patients, 190 had documentation having undergone complete disease staging, and 161 had pathologically confirmed NSCLC. These 161 patients were the basis of this analysis. Clinical data were obtained from patients' files. Disease had been staged in terms of the tumor/node/metastasis system in the sixth (2002) edition of the American Joint Committee on Cancer staging manual. The diagnosis of BM was based on computed tomography or magnetic resonance imaging records. The smoking status includes current, former, or never smoker. Former smokers were defined as individuals who had successfully ceased smoking for at least 1 year at the time of study registration. Never smokers were defined as individuals who had ,20 total cigarettes during their lifetime [18] . The time to BM was the interval from the date of NSCLC diagnosis to the date of BM diagnosis. The follow-up time was the interval from NSCLC diagnosis to death or to the last hospital visit.
Genotyping Methods
The procedures used to select SNPs in the TGF-b pathway have been described previously [19] . Briefly, we used databases at Gene Table 1) . Genomic DNA was isolated from peripheral blood lymphocytes by using the QuickGene DNA whole blood kit S (Fuji Film) and stored at80uC until use. Thirty-two of the SNPs were genotyped by using MALDI-TOF mass spectrophotometry to detect allele-specific primer extension products with the MassARRAY platform (Sequenom, Inc.). Assay data were analyzed using Sequenom TYPER software (version 4.0). The individual call rate threshold was at least 95%. The 33 rd SNP (TGFB1: rs1800470) was genotyped by using the TaqMan assay [20] .
Statistical Analysis
This analysis was undertaken after all patients had been potentially observed for a minimum of 24 months. Patients were grouped according to genotype. Statistical analysis was performed using SPSS (version 16.0) software. Cox proportional hazards model was used to calculate hazard ratio (HR) and 95% confidence intervals (CIs) for multivariate survival analyses, while adjusting for sex, age, disease stage, tumor histology, Karnofsky performance status (KPS), and smoking status. Kaplan-Meier plots and log rank tests were used to estimate the effect of genotype on BM risk. Likelihood ratio tests were used for each multivariate Cox regression to assess goodness-of-fit. A P value of #0.05 was considered to indicate statistical significance in two-sided t tests.
Results
Patient Characteristics
Characteristics of the 161 patients (116 men and 45 women) are shown in Table 2 . The median age was 58 years (range, 32 to 80 years); 61% had stage #IIIA disease; 60% had adenocarcinoma, and 54% had smoked tobacco (71.6% in male and 8.9% in female).
Brain Metastasis and Genotypes
The median time from NSCLC diagnosis to detection of BM was 7.5 months (range, 0 to 23 months). The median time was 10 months when patients who presented with BM were excluded. Associations between patient-and tumor-related characteristics and BM by univariate and multivariate analyses are shown in Table 2 . As expected, disease stage was associated with BM, with patients having stage IIIB or stage IV disease at higher risk of BM (P,0.010). And patients with adenocarcinoma were associated with higher risk of BM by Cox hazard analyses (P = 0.032). However, the smoking status has no association with BM risk in this population. Figure 1 illustrate cumulative BM-free survival rates for all patients according to genotype. These rates remained lower for those with either the GG genotype of SMAD6: rs12913975 (P = 0.024, Figure 1A ) or the TT genotype of INHBC: rs4760259 (P = 0.045, Figure 1B ). When we analyze combined subgroups, these rates showed lower for those having both the GG genotype of SMAD6: rs12913975 and the TT genotype of INHBC: rs4760259 (P = 0.003, Figure 1C ). Other 31 SNPs in the TGFb pathway in Table 1 were also analyzed, but no significant correlation was found (P = 0.877, Figure 1D for TGFB1: rs4803455; date of other 30 selected SNPs not shown). Table 3 and 4 lists the findings of Kaplan-Meier analyses of BM incidence according to genotype at 24 months from diagnosis. In general, BM developed more often in patients with the GG genotype of SMAD6: rs12913975 (43%) or the TT genotype of INHBC: rs4760259 (44%) compared with the GA (21%) or CT/ CC genotypes (27%). These associations between genotype and BM were statistically significant for both subgroups. When we analyze combined subgroups, we can see having both GG (rs12913975) and TT (rs4760259) show a higher probability of BM (52% vs 28%, P = 0.003, 
Discussion
In this study, we systematically evaluated associations between a comprehensive panel of genetic variants in TGF-b signaling pathway genes and BM risk. We found that SNPs in SMAD6: rs12913975 GG or INHBC: rs4760259 TT were associated with the incidence of BM. To the best of our knowledge, this is the first evidence showing this association in patients with lung cancer. With validation, this test could be used as a predictive biomarker to identify patients at high risk of developing brain metastasis during the first 24 months after diagnosis.
One of the polymorphisms we found to be associated with BM risk was in SMAD6, which encodes a protein that localizes to both nuclei and cytoplasm. Smad6 and Smad7 act as ''inhibitory'' Smads, inhibiting TGF-b family signaling [21] . Induction of Smad6 and Smad7 expression by bone morphogenic protein and TGF-b signaling represents an auto-inhibitory feedback mechanism in the TGF-b pathway [21] . SMAD6 is expressed in most human tissues, including the lung, but its function in tumorigenesis is not yet established. A previous retrospective study showed that SMAD7 overexpression is linked with a reduced incidence of bone metastases from melanoma and breast cancer [22] . The structural similarity between SMAD6 and SMAD7 proteins suggests that both proteins may be involved in metastasis via similar mechanisms. Variants in SMAD6 have been linked with prognosis in ovarian cancer [23] , breast cancer and pancreatic carcinoma; polymorphism in SMAD6 have also been linked with survival in NSCLC [24] . Metastases, especially brain metastases, is an important factor associated with poor prognosis, and SNPs in SMAD6 may contribute to metastases, include CNS metastases.
We also found INHBC: rs4760259 polymorphisms to be associated with BM risk. The INHBC gene is located on human chromosome 12, region q13.1, and encodes a protein named bC, belonging to the inhibin subgroup. Inhibin and activin proteins, along with various growth and differentiation factors, Muellerian inhibiting substance, and other proteins, belong to the TGF-b superfamily. Activins have many effects on mesoderm formation [25] , cell proliferation and apoptosis [26] , branching morphogenesis [27] , inflammation [28] and reproduction [29] . One a-subunit and four b-subunit isoforms (bA, bB, bCand bE) have been found in mammals and humans [30] . The activin a, bA, and bB subunits and their homo2/heterodimers have been well characterized; activin A (bAbA), for example, is a pleiotropic protein that affects apoptosis, cell-cycle control, angiogenesis and immune suppression [31] . The precise role of the bC subunit, however, is unclear. Activin bC subunit mRNA has been detected in rat and mouse lung, epididymis, testis, uterus, spleen, posterior pituitary, and adrenal gland, and in human ovary, testis, placenta, and prostate [31] . The activin bC subunit or its dimers may oppose the action of activin A. In one in vitro study, the activin bC subunit had a pro-apoptotic effect in liver cell lines. Furthermore, the activin bC subunit was downregulated in prostate and liver tumor cell lines [32] . Transfection of the activin bC subunit into the PC3 prostate cancer cell line results in decreased activin A levels [33] . A recent study showed polymorphisms in INHBC is associated with ovarian cancer risk [34] . Another study showed it to be strongly associated with survival in NSCLC [24] . It can be seen that activin bC subunit is associate with tumorigenesis and progress, and metastases is a important step in tumor progression which strongly associated with poor prognosis, therefore we can believe SNPs in INHBC may contribut to BM.
A single SNP often provides a modest or undetectable effect whereas the amplified effects of combined SNPs in the same pathway may enhance predictive power. We analyzed the association with BM in patients with both two genotypes. A clear and significant trend was evident for higher risk with the combined subgroups. These results suggest a cumulative influence by multiple genetic variants within the TGF-b signaling pathway were able to further enhance predictive power.
However, neither of the SNPs we identified as being linked with BM is located in the coding region, which suggest that these SNPs may not affect SMAD6 or INHBC function directly but rather may change levels of gene expression through being located in regulatory regions or through linkage to other SNPs that affect gene activity. Further in vitro and in vivo functional studies are needed to confirm the functional significance of the identified SMAD6 and INHBC SNPs.
Moreover, we found that 48% of patients with both high risk alleles do not have brain metastasis (Table 4) , and 1.7% (1/60) of patients with brain metastasis do not carry either of the two high risk genotypes. As the heterogeneity and genetic complexity of NSCLC, we speculate that a few other factors and SNPs in other signaling pathways that regulate cell proliferation and migration may be also associated with the risk of BM. Future research are needed to further enhance predictive power. PCI is considered part of standard therapy for limited-stage SCLC, as up to 80% of these patients develop BM [35, 36] . Slotman et al. conducted a trial of 286 patients with extensivestage SCLC who were randomized to receive either PCI or no PCI. Survival at 1 year improved from 13.3 to 27.1% [6] . At this time, nearly all patients with SCLC should be offered PCI to reduce the chance of BM and improve overall survival. Currently, the intensity of prophylactic therapy for acute lymphoblastic leukemia is adjusted to the risk of central nervous system (CNS) relapse [37] . Prior randomized, controlled trials [7, 8, 9] and several prospective studies evaluating PCI for NSCLC have been published. Studies have significantly show that PCI administered to patients improves intracranial disease control. However, none of these studies have ever shown a survival benefit with the application of PCI. The most recent RTOG trial (0214) evaluating the role of PCI in LA-NSCLC unfortunately closed early due to poor accrual. While there was a promising outcome in decreased intracranial metastases in the treatment group, this failed to result in a survival benefit [4] . Joseph A et al. analyzes it is unclear as to whether this is secondary to failure of identifying the cohort best suited for prevention, the inability of radiation to effect sufficient intracranial disease prevention because of a relatively radioresistent tumor, or the need for more effective systemic therapies to control extracranial disease so that patients' survival is long enough to see the benefit of PCI [1] . Because there is no predictive test to identify patients with high risk of brain metastatic, PCI has been given unselectively to all patients. PCI could negatively affect neurocognitive function and quality of life in those patients who do not need PCI [4] . If the findings from current study are validated in a study with adequate statistical power prospectively, we could use the SNPs identified in this study as a pretreatment test to select patients who would benefit from PCI, while avoiding PCI in patients who do not need it.
Our study had some limitations. The small number of patients raises the possibility that some of our findings were due to chance. Future studies are necessary to identity functional significance of the genetic variants we have identified, as well as to confirm or externally evaluate the associations in independent populations.
Conclusions
We found that the GG genotype of SMAD6: rs12913975 and the TT genotype of INHBC: rs4760259 were associated with the incidence of BM in patients with NSCLC. These findings were confirmed in both Kaplan-Meier and multivariate Cox proportional hazard analyses, the latter adjusted for disease stage, tumor histology, age, and smoking status of the patient. These findings may be useful in future efforts to identify patients at high risk of brain metastasis.
